Since European settlement, the distribution of the greater bilby (Macrotis lagotis), an omnivorous peramelid marsupial, has contracted into the driest and least fertile parts of its former range. A review of the dietary, metabolic and digestive strategies used by M. lagotis provides the basis for an explanation of its ability to persist in the arid regions where it is now restricted. M. lagotis utilises an opportunistic feeding strategy, selecting dietary items in accordance with their abundance. Termites, ants and seeds, that form a concentrated food source, are prevalent in their diet. In captivity, M. lagotis exhibits a flexible digestive strategy that enables them to use diets of varying nutritional value. However, the absence of a colonic separation mechanism in the hindgut suggests that they are limited to relatively low-fibre diets, and this is reflected in their diet in the field. The low water and maintenance nitrogen requirements of M. lagotis are consistent with arid habitation, but the field metabolic rate is higher than expected for an arid-zone mammal, which suggests that water rather than energy conservation is a priority for this species.
ARID environments at low latitudes both north and south of the Equator are characterised by high temperatures and low and irregular rainfall. Animals living in such environments face the problem of food and water resources that are both spatially and temporally unpredictable, and a food supply that is often of low nutritional value (Lundie-Jenkins et al. 1993; Nagy 1994) . The arid climate also places physiological stress on an animal in terms of temperature regulation. In summer, ambient daytime temperatures often exceed body temperature; consequently, animals routinely absorb heat that they must dissipate to maintain thermal homeostasis. This trend is reversed during low overnight ambient temperatures in winter. In order to survive these conditions, species inhabiting the arid zone have evolved various morphological, physiological and behavioural strategies that act synergistically to enhance their survival.
The greater bilby (Macrotis lagotis) is a small (800 -2500 g) omnivorous marsupial in the family Peramelidae (Groves and Flannery 1990) . Before European arrival, M. lagotis was widespread over much of mainland Australia (Southgate 1990) . Since then, the species has suffered a severe decline in population size and its distribution has contracted and become highly fragmented, a trend that appears to be continuing (Southgate 1990) . M. lagotis is now restricted to the driest and least fertile parts of its former range, occurring in small, isolated pockets in the Tanami Desert and in a small area north-east of Alice Springs in the Northern Territory, the Gibson Desert, northern Great Sandy Desert, inland Pilbara and southern edge of the Kimberley in Western Australia, and in far south-western Queensland (Southgate 1990) . M. lagotis is currently listed as vulnerable to extinction (Maxwell et al. 1996) .
While there is evidence that M. lagotis formerly occupied more temperate habitats, its distribution has probably always centred on arid and semi-arid regions (Southgate 1990 ). As such, it is expected that this species has developed strategies allowing it to persist in an environment where resources are unpredictable and temperatures are seasonally extreme. The burrowing and nocturnal habits of M. lagotis are behavioural strategies that protect the animal from exposure to often-high daytime temperatures. Studies on the basal energy metabolism and water requirements of captive M. lagotis further show that they have well-developed abilities for energy and water conservation (Hulbert and Dawson 1974a,b; Kinnear and Shield 1975) , an advantage in an arid environment. This paper is a synthesis of recent studies that examined further aspects of the dietary, metabolic and digestive strategies used by M. lagotis, and how these strategies help to alleviate the problems of arid habitation. These studies focussed on a population of M. lagotis within Astrebla Downs National Park (200,000 ha), located in far southwestern Queensland. Formerly a cattle station, 'Astrebla Downs' was gazetted as a National Park in 1995 to protect the largest known population of M. lagotis remaining in Queensland.
Dietary strategy
In the Australian arid zone, food supply rather than water is often the critical factor limiting animal survival (Stafford Smith and Morton 1990) . A combination of behavioural and physiological adaptations allows arid-zone animals to avoid heat stress; consequently, many animals are able to obtain sufficient water from their diet (Stafford Smith and Morton 1990) . The evaporation of body water is the principal means of preventing heat stress, but this requires a source of water. If high temperatures are avoided then less water is needed for evaporative cooling, thereby reducing food requirements if food is the only source of water. Therefore dietary strategies that optimise the intake of food containing sufficient nutrients (not only water but energy and protein as well) are of critical importance to animal survival in the arid zone.
The availability of resources in the habitat of M. lagotis is unpredictable and therefore it should be advantageous for the bilby to have a flexible dietary strategy that responds rapidly to seasonal changes in resources. Gibson (2001) examined seasonal changes in the diet, food availability and diet preferences of M. lagotis in Astrebla Downs NP. Diet was determined from analysis of dietary remains in faeces. Pitfall sampling was used to measure the relative abundance and composition of potential invertebrate prey items on the soil surface. Soil sampling was used to measure the relative abundance and composition of subterranean seeds, bulbs and invertebrates. Full details of the methods used are given in Gibson (2001) .
The presence of both invertebrate and plant material in almost all faecal pellets confirmed that M. lagotis is omnivorous. The plant component of the diet consisted predominantly of Dactyloctenium radulans (button grass) seeds, occurring in 94% of the faecal pellets. The major invertebrate prey items were termites, occurring in 73% of the pellets, and ants in 78% of pellets. This result is not surprising given the abundance of termites and ants in Australia's arid and semi-arid zones and, because termites and ants live in colonies, they are a concentrated food source. Similarly, it is likely that M. lagotis obtain a concentrated source of seeds, such as button grass seeds, by raiding the stores in harvester ant nests (Gibson 1999) .
The frequency of occurrence of invertebrates in faecal pellets was higher during summer than winter, but the frequency of occurrence of plants was relatively constant regardless of season. The availability of invertebrate prey items also varied with season and, for the majority of taxa, frequency of occurrence was significantly higher in summer than winter. In contrast, the frequency of occurrence of seeds and bulbs (Cyperus bulbosus) did not vary with season. While seasonal changes in food availability were reflected in variations in dietary composition, the relative proportions of some dietary items differed from their proportional availability. Therefore, M. lagotis was considered to be qualitatively opportunistic, selecting more invertebrates when their apparent availability increased, but continually exploiting the available seeds and bulbs. Such an opportunistic feeding strategy is advantageous to an arid-zone species as it permits the continuous exploitation of food resources that are unpredictable in their availability, both spatially and temporally.
Metabolic strategy
The ability to conserve water and energy in an arid environment is often crucial for survival. Several studies have indicated that desert mammals exhibit lower water flux rates and field metabolic rates (FMR) than non-desert mammals (Macfarlane 1975; Nicol 1978; Nagy 1987; Geffen et al. 1992; Nagy 1994; Rubal et al. 1995) . FMR is the total energy cost of free existence and includes the costs of, for example, thermoregulation, foraging, predator avoidance and territorial defence in addition to that needed for basal metabolism (Nagy 1987). Low FMR and water flux rates are advantageous for desertdwelling animals because of reduced food and water requirements and the extended life of metabolic reserves of fat and protein during harsh periods (Brown 1974 Although desert-dwelling eutherians generally have lower FMRs than predicted for their body mass (Nagy 1994), the mean FMR of M. lagotis did not significantly differ from that predicted for a marsupial of its body mass. The apparent absence of an energy-conserving strategy by M. lagotis may be due to the high energy costs associated with burrowing and foraging for hypogeous (below ground) food (Vleck 1979; Lovegrove 1989) .
Digestive strategy
Animals inhabiting arid environments face the problem of acquiring enough food to satisfy their metabolic requirements from an environment low in several nutrients, including protein, or nitrogen (Hume 1999). Nutrient acquisition problems are exacerbated in small animals (< 3 kg) because of their relatively high mass-specific metabolic requirements and small absolute gastrointestinal tract size (Foley and Cork 1992) . Small mammals must therefore either eat more food per unit body mass than larger animals or eat food with a higher concentration of digestible energy.
As small mammalian omnivores eat both animal and plant material, the nutrient composition of their food may vary widely. Therefore, they are likely to benefit from a digestive strategy that allows for flexibility in their diet. The degree of flexibility in the digestive strategy of M. lagotis was investigated by comparing digestive performance and digesta retention patterns of captive M. lagotis fed two diets of different nutritive values (Gibson and Hume 2000b) . The experimental diets consisted of either mealworm larvae or a commercial seed mix.
Measurement of mean retention times (MRT) of a particle marker (Cr-mordanted plant cell walls) and a solute marker (Co-EDTA) in the gastrointestinal tract was used to test for the presence of a colonic separation mechanism (CSM). A CSM results in the selective retention of easily digestible solutes and fine particles in the caecum, while the passage of coarse fibrous material of low digestibility is facilitated (Björnhag 1987) , thereby allowing greater food intake. Such a mechanism has been reported in two other species of peramelid marsupials, the longnosed bandicoot (Perameles nasuta) (Moyle et al. 1995) and the northern brown bandicoot (Isoodon macrourus) (McClelland et al. 1999) .
While MRTs of the two markers in the gastrointestinal tract of M. lagotis did not differ between diets, MRT of the particle marker was longer than that of the solute marker on both the mealworm (particle: 23.5 h; solute: 17.9 h) and mixed seed (particle 33.0 h; solute: 30.2 h) diets, which is consistent with the pattern seen in most vertebrates (Stevens and Hume 1995) . So, unlike the other bandicoots examined, M. lagotis did not selectively retain solutes and small particles, which suggests the absence of a CSM. The absence of a CSM in M. lagotis means that it is likely to be restricted to relatively low-fibre diets, and this probably explains why the main plant component of their diet consists of seeds rather than structural plant parts such as leaves and stems.
The mealworm diet was more digestible than the mixed seed diet, but digestible energy intake (mealworm: 939 kJ kg -0.75 d -1
; mixed seed: 629 kJ kg -0.75 d -1 ) was high enough for maintenance of body mass and positive nitrogen balance on both diets. Therefore, although restricted to relatively lowfibre diets, their digestive strategy is flexible enough to accommodate at least some foods of both animal and plant origin.
Although eutherian omnivores generally have higher maintenance nitrogen requirements (MNR) than herbivores, the opposite has been found for marsupials, at least among the species examined to date. This may be due to the low fibre content of the natural diets of the four marsupial omnivores cited, which are known to feed principally on invertebrates, nectar and pollen or fruit (Hume 1999). Dietary fibre abrades the mucosal lining of the intestinal tract, increasing faecal nitrogen loss (Wellard and Hume 1981; McDonald et al. 1995) . The consumption of a low-fibre diet by M. lagotis should also correlate with a low MNR. As well, aridity of habitat often correlates with low MNR (Hume 1999). The MNR of M. lagotis was estimated by feeding captive animals varying proportions of mixed seeds and dried currants (Gibson and Hume 2002) . Currants were added to the mixed seeds to reduce dietary nitrogen content while maintaining digestible energy content constant. The dietary MNR was derived by regressing nitrogen balance (nitrogen intake minus nitrogen lost in faeces and urine) on dietary nitrogen intake. The MNR was taken to be the level of nitrogen intake that maintained the animals in zero nitrogen balance. Gibson and Hume 2002) . Again, a low N requirement would be beneficial in the arid-zone where the availability of dietary nitrogen is likely to be seasonally low, such as during winter when invertebrates are less abundant (Gibson 2001) .
Overview
The burrowing and nocturnal habits of M. lagotis, and low captive metabolic and water turnover rates help to alleviate several problems of arid habitation. The observed dietary, field metabolic and digestive strategies also indicate that M. lagotis is well adapted to its arid habitat. The opportunistic dietary strategy is advantageous in the arid-zone, as M. lagotis are capable of switching to alternative food sources when favoured dietary items become scarce. The metabolic strategies of M. lagotis in the wild are only partly suggestive of arid adaptation. The relatively low field water flux rates of M. lagotis are consistent with arid habitation, but their field metabolic rates (FMR) are not. Evidently, water conservation is a higher priority than energy conservation for this species. The semifossorial life-style of M. lagotis and the necessity of digging for food are likely to burden them with unavoidable energy costs, and hence the higher-thananticipated FMR. The digestive strategy elucidated with captive M. lagotis can also be considered beneficial to an animal inhabiting the arid zone. M. lagotis exhibited digestive flexibility by their ability to successfully utilise diets of varying nutritional value, including diets low in nitrogen. This digestive flexibility is crucial for omnivorous animals that opportunistically alter their diet in response to changes in food availability. Furthermore, because M. lagotis maintained body mass and positive nitrogen balance on a diet of seeds alone, they appear well-equipped to survive an arid environment where seeds are the most reliable source of food.
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